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ABSTRACT
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Candidate for Degree of Master of Science
Haemosporidian parasites are the agents of malaria. Countless vertebrates are
affected by haemosporidians each year. Haemosporidians have been shown to be
evolving at rapid rates; leading to new species of haemosporidians being discovered and
new host associations being made.
Adaptive molecular evolution was detected in an important hemoglobin
degradation gene, falcilysin. At multiple sites across multiple genes signatures of
negative selection were detected. The signatures of selection across non-hemoglobin
degradation genes were indicative of evolutionary conservation when compared to the
more variable hemoglobin degradation genes. This is probably due to the important role
the hemoglobin degradation genes play in haemosporidian metabolism.
A survey of local passerines detected a parasite prevalence of 57%. This included
three genera of haemosporidians detected across six lineages and two more distantly
related sequences. Leucocytozoon was detected for the first time in Mississippi songbirds,
indicating the importance of surveying for understanding haemosporidian evolution and
range.
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CHAPTER I
INTRODUCTION
Haemosporidian Parasites
Haemosporidians are unicellular protozoan blood parasites that are the agents of
malaria. They reproduce and spread to vertebrate hosts using a dipteran insect as a vector
(Borner et al. 2016). In 2016 alone, there were 212 million cases of malaria globally and
429,000 deaths. Children are at the greatest risk of infections and death, accounting for
over two thirds of global deaths (WHO 2012, Crompton et al. 2010). Most of these cases
are in Africa; however, Asia has recently seen an increase in malaria infections because
of the rising instance of antimalarial drug resistance (Ashely et al. 2014, Gardner et al.
1999). Artemisinin is the most commonly used antimalarial drug that some parasites are
now able to resist. This problem arises from a single point mutation in the electron
transport chain that is located in the mitochondrial genome of the parasite (Crompton et
al. 2010, Ashley et al. 2014). Insecticides and mosquito nets have helped to decrease the
prevalence of malaria, however, in many countries there is now also a spread of mosquito
resistance to insecticides (WHO 2012). These are just the statistics on the human malaria
parasites. Hence, these do not consider the wide geographic range and extremely high
infection rate of haemosporidian parasites in mammals, birds, and reptiles.
There are many genera and species of haemosporidians. Some genera of
haemosporidians are host generalists which infect a large range of hosts, while others are
1

specialists and are specific to a certain vertebrate group (Drovetski et al. 2014, Borner et
al. 2016). Generalist haemosporidian parasites have been shown to be the main type of
parasite to infect novel hosts and are more numerous than specialists in their host
populations (Santiago-Alarcon et al. 2014).
Throughout the evolutionary history of haemosporidian parasites, they have
spread to over 10,000 avian host species with new haemosporidians being discovered all
the time (Ricklefs et al. 2014). Habitat alteration can affect the prevalence of malaria;
increased levels of sunlight, associated with deforestation, have been shown to increase
the abundance of mosquitoes (Loiseau et al. 2013). Studies have suggested that malaria
prevalence is highly affected by climate conditions and that transmission will continue to
increase as the climate continues to warm (Daszak et al. 2000).
The key to adaptation in parasites seems to be the ability of the parasite to avoid
the hosts’ immune system. Haemosporidian parasites have been shown to evolve with
their hosts in order to continue this arms race and exploit any new immune defenses the
host has acquired. (Ricklefs et al. 2014, Loy et al. 2017, Silvia et al. 2015). Research on
a broader range of hosts would be beneficial because of the complex relationships
between parasites and hosts. (Ricklefs et al. 2014). It is unknown if there are
evolutionarily conserved responses to malaria infection because of the lack of molecular
information across a diverse group of hosts (Videvall et al. 2015). Unfortunately, most of
the research has been on “single host-single pathogen interactions” with little research on
less common malaria parasites and non-mammalian hosts (Davies et al. 2008). A better
understanding of malaria parasites across a broad host range of hosts will help explain
how haemosporidians are evolving (Ricklefs et al. 2014).
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The adaption, evolution and host switching of haemosporidians is an area of
intense study and new information is being gathered at a rapid pace. There are many
questions left unanswered regarding the mechanisms potentially responsible for host
switching and speciation. A better understanding of these mechanisms is vital for our
continued battle against malaria.
Because of haemosporidians’ ability to evolve and evade host immune systems, I
analyzed genes involved in the hemoglobin degradation pathway for signatures of
selection. Hemoglobin degradation is an extremely important metabolic process that
occurs in the acidic food vacuole. This process is responsible for the intraerythrocytic
development that must occur before parasites mature and rupture from the red blood cells
to continue the infection cycle (Goldberg et al. 1990).
Genes from avian, mammalian, and reptilian transcriptomes were aligned, and
patterns of selection were evaluated using codon substitution models across gene
alignments. We used the program paml (Yang 2007) to determine the best estimate of
selection within each tree (i.e., branch model), and determined, on each branch of tree,
which amino acid residues were under selection (positive or negative) by using the
program hyphy (Kosakovsky et al. 2005). Analyzing the gene alignments using paml and
hyphy helped to uncover how selection has changed the hemoglobin degradation pathway
of haemosporidian parasites. Four genes identified to be involved in the hemoglobin
degradation pathway, and four other significant genes, were put into orthologous
alignments using Sequencher 5.4.6 and Mesquite 2.75 (Maddison et al. 2011). Paml 4.0
(Yang 1997) was used for a branch-model analyses on an annotated phylogenetic species
tree. A branch model allowed us to determine which branches are under selection (Yang
3

1997). A site model analysis was then conducted, using hyphy, to estimate dN/dS of sites
under different types of selection (Outlaw & Ricklefs 2010). Site models allow us to
determine what type of selection is occurring at different sites; i.e., codons (Yang 1997).
For my second objective, a survey of the haemosporidians in the local populations
of common and abundant birds was conducted. Mist nets were used to capture local
passerines and blood was taken from the brachial vein for screening and identification,
and to determine the phylogeny of haemosporidian parasites.
Host-Parasite Specificity
Malaria parasites belong to the phylum Apicomplexa, order Haemosporidia,
which are unicellular parasites with a secondary endosymbiotic plastid derived organelle
(an apicoplast), which has its genome, and organelles for penetration of host cells to
cause infection. There are over 500 extant species in this order that are organized into
four main families, Plasmodiidae, Haemoproteidae, Leucocytozoidae, and Garniidae;
each of which is transmitted by a different dipteran vector. Within each family there are
numerous genera. The most prevalent and well-studied of those genera are Plasmodium,
Hepatocystis, Polychromophilus, Nycteria, Haemoproteus, Parahaemoproteus and
Leucocytozoon (Table 1.1). Haemoproteus and Leucocytozoon have only been shown to
infect avian species, Plasmodium has been shown to infect mammals, birds, reptiles, and
Polychromophilus and Nycteria have only been shown to infect mammals, mostly bats
(Borner et al. 2016, Perkins 2010). There are at least 15 extinct species of
haemosporidians that have been identified by phylogenetic studies (Perkins 2010).
Phylogenetic studies have also shown that the earliest lineages within the Haemosporidia
4

order are the avian malaria parasites Leucocytozoon, Haemoproteus, and
Parahaemoproteus (Galen et al. 2017).
Table 1.1

Avian haemosporidian genera and their hosts

Mammals
Haemoproteus
Parahaemoproteus
Leucocytozoon
Plasmodium
Hepatocystis
Nycteria
Polychromophilus

X
X
X
X

Birds
X
X
X
X

Reptiles

X

Life Cycle
All haemosporidians share a similar complicated life cycle (Perkins 2014, Borner
et al. 2016) (Figure 1.1). They must all have a blood feeding dipteran as the vector for
transmission. Malaria parasites use many blood feeding insects as vectors, however
mosquitoes and biting midges are the most common. The type of dipteran that
haemosporidians use for their transmission is different depending on the type of hosts
they infect and the type of haemosporidian species. Since some haemosporidians are
generalists and some are specialists, not all haemosporidians can infect the same host or
use the same dipteran for their transmission (Valkiunas et al. 2014).
The life cycle of haemosporidians, here characterized using Plasmodium, begins
with the pre-erythrocyte cycle. An infected female dipteran pierces the skin of the host
and releases sporozoites into the bloodstream, which then travel to the liver to infect
tissue cells. Asexual reproduction occurs in the liver of the host giving rise to merozoites
5

that are released from the liver and into the bloodstream. Once in the blood cells, the
parasites, now called gametocytes, replicate and burst from the blood cells spreading
throughout the blood stream. This causes the blood-stage infection of the host and the
symptoms begin. This is also the stage that most antimalarial drugs target (Valkiunas et
al. 2014). During the blood-stage some of the gametocytes are able to infect a new
dipteran when a blood meal is taken from an infected vertebrate. It is not well understood
how only some gametocytes are able to transmit the infection. When the gametocytes are
taken up by a new dipteran the male and female gametes undergo fertilization in the
dipteran midgut by sexual reproduction. The parasites then travel to the salivary glands
where they are injected into the host when the infected dipteran takes another blood meal.
Hepatocystis, Polychromophilus, and Nycteria do not have the ability to asexually
reproduce and replicate in the blood cells of the host, as the other genera of
haemosporidians. They instead reproduce only in the tissue of the infected vertebrate
(Borner et al. 2016, Crompton et al. 2010).

Figure 1.1

Life cycle of haemosporidians (Winzeler 2008)
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Geographic range
Climate change, urbanization, population growth and deforestation are escalating
the geographic spread of malaria parasites (Loiseau et al. 2013). Studies have shown
associations between diseases such as malaria and extreme weather patterns (Cohen et al.
2012). Expansion of dipteran range has been proposed to explain the malarial resurgence
events in South America, Africa, and Asia in the 1980s (Dazak et al. 2000, Cohen et al.
2012). For example, warming temperatures in the western highland region of Africa in
the 1980s positively correlated with an increase in malarial infections (Cohen et al.
2012). Dipterans are able to enter new environments where they have never been able to
survive before because of warming temperatures (Daszak et al. 2000). Habitat alteration
can also affect the prevalence of malaria. Increased levels of sunlight, associated with
deforestation, have been shown to increase the abundance of dipterans (Loiseau et al.
2013). Studies have suggested that malaria prevalence is highly affected by climate
conditions and that transmission will continue to increase as the climate continues to
warm (Daszak et al. 2000).
Avian haemosporidians (Haemoproteus, Parahaemoproteus, Plasmodium,
Leucocytozoon) have been found in all regions of the world except Antarctica and have
been discovered at elevations of up to 3000 meters above sea level (Valkiunas 2005).
History of Malaria
Extant malaria parasites are thought to have begun diversifying less than 20
million years ago (Ricklefs & Outlaw 2010). References to malaria have been dated back
to the sixth century BC (Perkins 2014, Cox 2010). From the early records of malaria
(2,500 years ago) we know that the local people thought malaria was caused from
7

miasmas rising from the swaps by which they lived; that is how malaria got its name,
from the Italian word meaning spoiled air. Malaria was officially discovered as a parasitic
protozoan, instead of the formerly thought bacterium, in 1880 by Charles Laveran. By
1890 the three most common genera of haemosporidians had been discovered and named
by Vassily Danilwsky, and by 1899 Ronald Ross had shown that malaria was transmitted
by dipteran insects; not from the previously believed drinking of infected water (Cox
2010, Perkins 2010). It is now believed that malaria either originated as the parasites of
insects who evolved to use vertebrates as host, or that haemosporidians derived from
coccidia (intercellular parasites) in the intestinal tracks of arthropods (Perkins 2010).
Before DNA sequencing technology was used, haemosporidian species were
described and named mainly by microscopic morphology. Gametocytes were examined
during the blood infection stage in the hosts’ blood cells, via blood smears, in order to
determine their classification (Valkiunas 2005). Since DNA sequencing and polymerase
chain reaction (PCR) detection began, the cytochrome b gene in the mitochondrial
genome has been the primary source for determining genera and species (Ricklefs et al.
2014). PCR methods allow for the detection of very low levels of infection and are able
to detect and amplify haemosporidian DNA at any stage in the parasite’s life cycle (Clark
et al. 2014). This relatively new approach of detecting the presence of haemosporidians
in vertebrates has led to a huge increase in research and funding and has shed light on the
diversification and complicated evolutionary history of these parasites (Clark et al. 2014).
The cyt b gene in the mitochondrial genome of haemosporidians is commonly used since
this gene has been found to be evolutionarily conserved and is vital to the
haemosporidians survival (Outlaw & Ricklefs 2010, Gardner 1999).
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Haemosporidian Speciation
The environment has an important impact on diversification of haemosporidians
(Clark et al. 2014). “Hotspots” that have a high diversity of haemosporidian species have
been identified to be larger landmasses versus areas of lower diversity, or “non-hotspots,”
in smaller and more isolated areas. Areas with higher temperature and rainfall have
higher levels of species diversity because of the increased success of vectors (Clark et al.
2014). In small niches, where vectors and their vertebrate hosts live in close proximity,
the opportunity of host switching increases (Clark et al. 2014).
The cutoff for sequence divergence between differing species of haemosporidians
has been debated since the technology was first used in this system. Perkins (2000) said a
cutoff of 3 percent sequence difference of the cytochrome b gene was sufficient for
inclusion in the same species. However, this was not accepted by others because of the
slow evolution of the mitochondrial genome of malaria parasites. Some known species,
specifically Plasmodium falciparum, differ by as little as two nucleotides between
haplotypes. Others have suggested a 0.6% genetic difference between species in cyt b
gene (Ricklefs et al. 2004). What constitutes a new species is still a concern for the
haemosporidian research community (Outlaw & Ricklefs 2014).
Besides using genetic differences to determine species, host distribution is also
used. It has been suggested that parasites that infect different hosts in the same population
could represent independent parasite populations that are reproductively isolated because
of the different hosts they inhabit (Ricklefs et al. 2004). Alternatively, it has been
suggested that parasite speciation may be the result of geographic isolation or possibly
may occur after a host switch among hosts that are closely related (Ricklefs et al. 2004).
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Species formation of new haemosporidian parasites is thought to occur
predominantly by host switching. The means by which host switching occurs, however, is
under debate as to whether it is by sympatric (without geographic separation) or
allopatric (geographic separation) Understanding the geographic distributions of
haemosporidians is the first step in understanding their evolutionary history and current
diversity (Clark et al. 2014). Haemosporidians must become isolated either by the
vertebrate host’s isolation or the vector’s isolation or by a new colonization (Perez- Tris
et al. 2007).
Host switching
Host switching is extremely common in haemosporidian parasites and has been a
strong force in their evolution and diversification (Davies et al. 2008, Ricklefs et al. 2014,
Outlaw et al. 2015). Host switching can be easily assumed when closely related malaria
parasites are seen in distantly related host species (Galen and Witt 2014). Studies have
shown that neighboring host communities are more likely to share haemosporidian
species (Davies and Pedersen 2008). Additionally, hosts that have a larger range are more
likely to share haemosporidian species than hosts with a smaller range (Davies and
Pedersen 2008). Bats have been shown to be a major driver in malaria diversification,
with host switches to or from bats leading to new colonization events (Galen et al. 2017).
The colonization of new areas and new hosts can potentially be very dangerous for
ecosystems and needs to be monitored closely. For example, the warming climate has
allowed for haemosporidians to spread to areas of Alaska; with many bird species being
infected and new parasite lineages being discovered (Oakgrove et al. 2014).
10

Since evidence is mounting for host switching to be the predominate process by
which haemosporidians have evolved, it is not unexpected that they have a very diverse
and complicated history (Santiago-Alarcon et al. 2014). It was discovered that
Plasmodium vivax, one of the deadliest human malaria parasites, originated in Macaque
monkeys and then infected humans by means of host switching (Mu et al. 2005).
Plasmodium falciparum, a haemosporidian that was thought previously to only infect
humans, has now been found in gorillas and chimpanzees in Cameroon. P. falciparum
was found to have arisen in apes by a host switch from humans (Duval et al. 2010).
Schear et al. (2013) has found evidence of multiple host switching events between
African bats and rodents and Galen and Witt (2014) found that host switching is the
predominate means of diversification in South American house wren. There has also been
a new species of haemosporidian discovered in raptors (Outlaw & Ricklefs 2009) and
likely a new haemosporidian genus in cranes and vultures (Bertram et al. 2017, Galen et
al. 2017).
Evidence of host switching is clear in many cases when reconstructing the
phylogeny because each host clade usually appears in multiple locations (Ricklefs et al.
2004, Galen et al. 2017). It has also been discovered that host switching occurs between
closely related parasite species (Santiago- Alarcon et al. 2014). One hypothesis for how
this might occur is through the acquisition of a new host (Ricklefs et al. 2004). A
mutation in the parasite’s genome that allows it to go undetected by the hosts’ immune
system could allow the parasite to thrive in a new host and could lead to a new
haemosporidian species, or at least a novel host. It is also possible that some new species
are the result of geographic isolation (Ricklefs et al. 2004). It is probable that the ability
11

to switch hosts and geography work together to form a new species of haemosporidian
(Santiago-Alarcon et al. 2014).
Understanding which genes might be associated with host switching is vital since
these types of host-switches could potentially affect humans and livestock. A likely key
component of host switching, evolutionary diversification, and species formation, is
selection on haemosporidian parasites by the vertebrate hosts’ immune system and
defenses. Haemosporidians have evolved ways to avoid the host immune system by
evolving with their hosts (Ricklefts et al. 2014). The parasites are constantly evolving to
try and evade the hosts’ immune system and in response the host is constantly changing
and evolving its defenses to fight off the infection. This arms race leads to mutations
being generated at a high rate and eventually becoming fixed in the population by
selection; this means that the genes that “allow” these parasites to infect their host are
evolving (Prugnolle et al. 2008).

12

CHAPTER II
ADAPTIVE MOLECULAR EVOLUTION IN HAEMOSPORIDIAN PARASITES
Introduction to hemoglobin degradation
Hemoglobin degradation is an extremely important metabolic process that occurs
in the acidic food vacuole of haemosporidian parasites (Figure 2.1). This process is
responsible for the intraerythrocytic development that must occur during the
haemosporidian lifecycle before the parasites mature and rupture from the red blood cells
to continue the infection (Goldberg et al. 1990). The parasites, in a form known as
trophozoites at this stage, degrade hemoglobin by using aspartic (plasmepsins) and
cysteine (falcipain) protease enzymes, in order to synthesize amino acids from the hosts
hemoglobin that are vital for the parasites’ survival (Moore et al. 2006, Benerjee et al.
2002). This process begins with plasmepsin1, plasmepsin2, falcipain2 and falcipain3
cleaving the alpha chain of the host’s hemoglobin. This allows for the globin to be
released from the hemoglobin complex. The degradation of the globin then continues
with plasmepsin4, plasmepsin3 (AKA histo-aspartic protease), falcipain2, falcipain2B,
and falcipain3 cleaving the peptides into lengths of around 20 amino acids each. These
amino acids are then degraded further, around 5-8 amino acids in length, by falcilysin. At
the final step, dipeptidyl aminopeptidase 1 enzymes degrade the amino acids
individually, so they can be exported to the cytoplasm and used by the haemosporidian
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(Caspi et al. 2014). After the digestion has occurred the resulting non-digestible pigment,
hemozoin, is left to conjugate in the food vacuole (Valkiunas 2005).

Figure 2.1

Hemoglobin degradation process in haemosporidians
Materials and Methods

Hemoglobin Degradation and Other Genes
For this study, four important hemoglobin degradation genes were analyzed for
patterns of selection: plasmepsin II, an aspartic proteinase, falcilysin, a zinc
metallopeptidase, aminopeptidase, and cytochrome b 5. Plasmepsin II is one of five
plasmepsins that are involved in hemoglobin degradation. Plasmepsin initiates the
hemoglobin degradation process by cleaving the native hemoglobin molecule. When
expressed, plasmepsin is delivered to the surface of the parasite’s plasma membrane in a
transport vesicle called a cytosome, where hemoglobin is collected and taken to the
14

digestive vacuole to cleave the highly conserved hinge region (Liu 2017, Banerjee et al.
2002). Falcilysin plays an important role in the downstream degradation of the host’s
hemoglobin. Falcilysin is unable to cleave large alpha and beta chains of hemoglobin,
however, it is able to cleave hemoglobin fragments (peptides) that have previously been
cleaved in the upstream hemoglobin degradation process (Eggleson et al. 1999). It has
also been found to play an important role in peptide cleavage. Aminopeptidase has been
shown to cleave and release dipeptides from the N termini of larger oligopeptides that
have been produced though the action of the aspartic, cysteine and metallopeptidase
molecules (Klemba et al. 2004). There have been two forms of cytochromes found within
eukaryotic cells; a water-soluble form and a membrane bound form. The membrane
bound cytochromes are responsible for the transfer of electrons in the election transport
chain in the mitochondrial membrane of haemosporidians. The water-soluble form has
been found to reduce hemoglobin in erythrocytes and has the capability to bind to heme.
Heme is toxic to haemosporidians and must be converted to a non-toxic form known as
hemozoin. It is possible that cytochrome b 5 could be involved in this process. To our
knowledge, cytochrome b 5 has not been investigated in haemosporidians (Sergeev et al.
2014, Yamazaki et al. 2001, Bhatt et al. 2017).
Four non-hemoglobin degradation genes that are suggested to be important in the
haemosporidian lifecycle were also analyzed in this study: sepiapterin reductase enzyme
(spr), apical membrane antigen 1 (ama1), eukaryotic initiation factor 2 (eif 2), and 5methoxycarbonylmethyl (mcm5). Spr is involved in the last three steps of the production
of tetrahydrobiopterin (BH4). BH4 has been shown to help process the building blocks of
amino acids and is a cofactor for nitric oxide synthesis and other signaling molecules.
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(Hirohito et al. 2015). Ama1 forms part of the complex that is responsible for
haemosporidian erythrocyte invasion (Lin et al. 2014). Eukaryotic initiation factors are
responsible for the assembly of ribosomes on the mRNA strand that will initiate
translation. Eif2 is necessary for this complex to form (Fennell et al. 2009). Mcm5 is a
methyl side chain of uridines that is located in the wobble position in tRNAs. This side
chain has been shown to improve the reading of G-ending codons (Marcus et al. 2008).
All of the above listed genes were analyzed for patterns of selection.
Gene Alignment
The all of the gene transcripts were received from a malaria bioinformatician, Dr.
Martine Zilversmit, at the American Museum of Natural History in New York from Dr.
Susan Perkins lab. Four gene transcripts that are involved in the hemoglobin degradation
pathway were received, in Nexus format, with a range of representative Plasmodium
species for each. Four other non-hemoglobin genes were also used in the analyses. They
included representatives from the genera Plasmodium, Leucocytozoon, Haemoproteus,
Parahaemoproteus, Nycteria, and Polychromopholus. The four hemoglobin degradation
gene transcripts received contained the following taxa: aminopeptidase (7 mammalian, 2
of which are human), cytochrome b 5 (4 mammalian, two of which are human, 2
reptilian, 2 avian), falcilysin (9 mammalian, four of which are human), and plasmepsin (7
mammalian, two of which are human). Four other significant genes were also used in this
study containing following taxa: spr, (11 mammalian, 3 of which are human, 5 reptilian,
3 avian, and 1 unknown), ama1 (9 reptilian, 8 mammalian, 2 of which are human, 4
avian, and 1 unknown), eif2 ( 9 avian, 7 reptilian, 7 mammalian, 2 of which are human,
16

and 1 unknown), mcm ( 7 mammalian, 2 of which are human, 3 reptilian, 3 avian, and 1
unknown).
Alignments of the species gene transcripts were created using Mesquite Character
Matrix Editor v.3.31 for each gene (Maddison & Maddison 2011). The alignments were
exported in FASTA (DNA/RNA) format. The alignment sequences were then imported
into Sequencher v.5.4.6 for editing (Sequencher® version 5.4.6). Each of the gene
sequences were evaluated individually for gaps and stop codons before being exported.
Any sequences with stop codons, as indicated by the protein sequence, were discarded
because downstream analysis would not accept stop codons or gaps in the alignments.
Originally there were 26, 16, 25, and 28 species transcripts for aminopeptidase, cyt. b 5,
falcilysin, and plasmepsin respectively. After the transcripts were discarded for having
stop codons, not having enough base pairs, or not having enough alignment overlap there
were 7, 8, 9, and 7 transcripts for inclusion respectively. For the control genes spr, ama1,
eif, and mcm2, the final alignments contained 21, 22, 24, and 15 species respectively.
The remaining alignments were assembled automatically with a minimum match
percentage of 60 and a minimum overlap of 30. The alignments were cut off evenly at
multiples of three to be certain full codons were included that started with the first codon
position. Gaps in the alignments were evaluated by eye and deletions or insertions were
evaluated where necessary to ensure that no gaps were included in the final alignment.
The aligned, edited sequences were then exported in FASTA format for downstream
analysis of adaptive evolution.
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Phylogenetic Tree
The program, Mesquite (v.3.31), was used to produce a species trees for each of
the eight genes. The aligned sequences were imported in FASTA(DNA/RNA) format into
Mesquite. A character matrix was then produced, and from this a phylogenetic tree was
created. The trees were then manipulated to resemble the phylogenetic relationships as
seen in Susan Perkins newest haemosporidian species tree (Galen et al. 2018). The tree
was then extracted to use for the program phylogenetic analysis by maximum likelihood
(pamlX v.1.3.1). Branch labels were included to separate clades.
Branch Model Analysis
We used the program Phylogenetic Analysis by Maximum Likelihood (pamlX
v1.3.1, Yang 2007) to determine the best estimate of selection within each tree (i.e.,
branch model on each gene with a fixed topology). PamlX (Yang 2007) was used for a
branch-model analyses on each annotated phylogenetic species tree. A branch model
allows for the codon substitution rate to vary on each branch of the phylogenetic tree,
which determines which branches (lineages in a phylogeny) are potentially under
selection (Yang 2007). Different models were used to test assumptions. Model 0 allows
for a single nonsynonymous (dN) and synonymous (dS) substitution rate (dN/dS ratio) on
all sites in the alignment, assuming that selection is even across sites, and assumes neutral
evolution. Model 1 analysis allows for the dN/dS ratio to vary across all the branches in
the species phylogenetic trees. This model is a “free-ratios” model; meaning an
independent dN/dS ratio is assumed and calculated for each branch. Model 2 allows for
several dN/dS ratios on groups of branches (clades). M2 allows for dN/dS to be estimated
for specific branches, for example mammalian versus avian parasites (Outlaw & Ricklefs
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2010, Yang 2007, Yang 1997). M2 analysis was conducted on all eight genes after
significance was determined by a likelihood ratio test as shown below.
Fixed Effects Likelihood Analysis
The program HyPhy was used to detect signatures of selection occurring at
different sites (i.e., codons) on each gene alignment (Kosakovsky 2005). Fixed effects
likelihood (FEL) uses maximum likelihood to determine nonsynonymous (dN) and
synonymous (dS) substitution rates for each codon on a given coding alignment and
phylogenetic tree. After determining substitution rates, a likelihood ratio test with one
degree of freedom and a two-parameter rate test (MG94 X REV), is implemented to
determine if dN is significantly greater than dS, suggesting positive selection, or, if dS is
significantly greater than dN, suggesting negative or purifying selection.
Final Tree
Phylogenetic trees were visualized using Fig Tree v 1.4.3 from the paml branch
model 1 results (Rambaut 2007). The branch lengths, as shown on the phylogenetic trees,
are visually proportional to the number of codon substitutions on each internal and
external branch.
Likelihood ratio tests
For each paml analysis above a pairwise likelihood ratio test (Outlaw et al. 2014)
was conducted to determine which, if any, models were a significantly better fit to the
data than M0. The likelihood ratio is calculated by: [LR= −2×(lnL1−lnL2)], where lnL1
and lnL2 are the log likelihood values of the models being compared (Outlaw et al.
2014). For branch model analysis M1 vs M0, M2 vs M1, and M2 vs M0 were determined
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for each gene. To determine significance, the smallest likelihood ratio calculated from the
comparisons was determined to be the best fit model for the data.
GC Content
The GC content was determined for each of the species sequences in each gene
alignment. An average GC content was then calculated for each of the eight genes. The
percentage of GCs was determined in Python v. 3.6 (Rossum 1995). A statistical analysis
via t test with alpha 0.05 was then conducted to determine if any of the GC content values
were significant. Statistical analyses were conducted between the two groups
(hemoglobin degradation, and non-hemoglobin degradation genes), as well as within the
groups.
Results
Plasmepsin
paml and HyPhy Results
The results from branch model M0 suggest an overall
nonsynonymous/synonymous mutation rate (ω) rate of 0.04 for the plasmepsin gene. The
branch model analysis M1 indicates that the branches in the phylogeny have differing ω
rates. The likelihood ratio test between M0 and M1 show that M1 is a better fit for the
data than M0. M1 also has a higher likelihood than M2, suggesting that the branches are
evolving independently depending on the parasite. The results produced from HyPhy
fixed effects likelihood analysis shows the alignment has 330 sites with 109 shown to be
under negative selection.
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Gene Trees
The phylogenetic tree created by branch model M1 for plasmepsin is shown in
Figure 2.2. The branch lengths of all the phylogenetic trees are directly proportional to
the substitutions per codon. The majority of substitutions occur on the terminal branch
leading to the mammalian haemosporidian species Plasmodium fragile, and the human
malaria haemosporidians in the phylogeny, Plasmodium vivax and Plasmodium knowlesi.
The substitution rates are much smaller for the other three mammalian parasites in the
phylogeny Plasmodium coatneiy, Plasmodium inui, and Plasmodium cynomolgy. Overall
the branches in plasmepsin phylogeny show more elevated ω rates on the branches
leading to the human Plasmodium spp. than any other.
Falcilysin
paml and HyPhy Results
The results for the null hypothesis, branch model 0, suggest an overall ω rate of
0.03. M1 indicated that all branches in the phylogeny have differing substitution rates on
each of the branches, except for P. vivax sp.1 and sp.2. Likelihood ratio tests conducted
comparing each of the models show that model 1 was the best fit for this data. This
suggests that substitutions on the terminal branches of this phylogeny are very
informative. Positive selection was observed at one site from the fixed effects likelihood
analysis. In total 319 sites were observed with 120 sites being under negative selection
and one site under positive selection.
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Gene Trees
The phylogenetic tree created by branch model 1 for falcilysin is shown in Figure
2.3. Two human malaria Plasmodium species, P. malariae and P. ovale, show high levels
of substitutions compared to the other human and mammal Plasmodium species in the
phylogenetic tree. Because of the elevated substation rate and long branch lengths we can
assume a higher substitution rate for nonsynonymous versus synonymous codons on a
terminal branch of a human malaria parasite within falcilysin.
Aminopeptidase
paml and HyPhy Results
The results from paml branch model M0 suggest an overall ω rate of 0.17. For
branch model analysis M1 all the branches in the phylogeny have differing ω values,
except for P. vivax sp.1, and P. vivax sp. 2. The likelihood ratio test between M0 and M1
for aminopeptidase indicate that M1 is a significantly better fit model for the data
observed, suggesting that “free ratios” is more informative than only having one ratio on
all branches. Similarly, the likelihood ratio test between M2 and M1 show that M1 is a
better fit model for the data; suggesting that the “free ratio” model that allows for
independent ratios on all branches, instead of groups of branches, provides more
information on patterns of selection within the tree. The fixed effect likelihood ratio
results conducted with HyPhy show 211 sites in the alignment, with 64 of those sites
determined to be under negative selection.
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Gene Trees
The phylogenetic relationship in the gene tree of the aminopeptidase gene, as
suggested by branch M1 is shown in Figure 2.4. For the aminopeptidase tree the most
elevated rates of substitutions are on the branch leading to the two species of P. vivax. All
of the other major substitutions seem to be concentrated over the other four lineages:
P.inui, P. knowlesi, P. fragile, and P. coatneyi . The branch with the smallest substitution
rate in the phylogeny is the terminal branch leading to P.cynomolgi; suggesting that this
branch has the least amount of nonsynonymous mutations.
Cytochrome b 5
paml and HyPhy Results
The M0 branch model results for the cytochrome b 5 gene indicate an overall ω
rate of 0.04. The M1 results indicate that all branches in the phylogeny have differing ω
rates. The likelihood ratio tests conducted between M0 and M1 suggest that M1 is a
better fit model for the data. Similarly, M1 was found to be a better fit model than M2.
The results from the fixed effect likelihood ratio analysis show 98 sites in the alignment
with 39 sites found to be under negative selection.
Gene Trees
The phylogenetic analysis predicted by branch model M1 on the cyt. b 5 gene is
shown in Figure 2.5. The terminal branch leading to P. vinckie shows the most
substitution per codon, while the branches leading to the avian and reptilian species
shows the smallest amount of substitutions. Therefore, the branches leading to
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mammalian haemosporidians show an extremely high ω rate overall within the cyt. b 5
phylogeny.
Sepiapterin Reductase Enzyme
paml and HyPhy Results
The paml branch model 0 results show an overall ω rate of 0.0035 for sepiapterin
reductase enzyme. Branch model 1 shows that all branches in the phylogeny have
different branch lengths, and therefore different substitution rates. However, most
branches have similar lengths. The likelihood ratio tests show that branch model 1 is the
best fit model for this gene alignment. The fixed effects likelihood results show the
alignment has 235 codon sites with 193 of those sites showing signatures of negative
selection.
Gene Tree
Figure 2.6 depicts the phylogenic relationship predicted by the paml branch model
1 results. The results suggest no extreme substitution rates between the species in the
phylogeny. Most substitutions can be seen across all classes of parasite hosts
(mammalian, reptilian, and avian) with the lowest of those, however, being the reptilian
haemosporidians.
Apical Membrane Antigen 1
paml and HyPhy Results
The results from branch model 0 shows a substitution rate of 0.0023 across the
gene alignment for the apical membrane antigen (ama). Likelihood ratio tests conducted
between all the paml models show that model 1, the free ratios model, is the best fit for
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the data. The fixed effect likelihood results of HyPhy show that the gene alignment has
244 codon sites with 194 of those sites under negative selection.
Gene Tree
Figure 2.7 shows the branch model 1 phylogenetic relationship of ama1. The
majority of branch lengths are similar. However, the avian haemosporidians,
Parahaemoproteus is shown to have the longest branch length and therefore the highest
ω rate across the phylogeny. The least amount of substitutions seems to be dispersed
across the reptilian haemosporidians.
Eukaryotic Initiation Factor 2
paml and HyPhy Results
There is a 0.0088 ω rate across the phylogeny, as shown by branch model 0.
Many of the branches in the phylogeny share very similar branch lengths, however, the
likelihood ratio tests have determined that model 1 is the best fit model for the alignment
and corresponding phylogeny. The fixed effects likelihood test shows that there are 287
codon sites in the alignment. Out of those sites, 213 of those are shown to be under
negative selection.
Gene Tree
The paml results for branch model 1 are shown in Figure 2.8. Many of the
branches share very similar, small branch lengths, indicating very few substitutions on
the majority of branches in this phylogeny. There is, however, significantly higher
substitution rates on the avian haemosporidian branches of Haemoproteus and
Leucocytozoon. The second highest substitution rate in the phylogeny is located on the
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branches leading to human Plasmodium haemosporidians. The reptilian haemosporidian
branches show the lowest rate of substitutions.
5-methoxycarbonylmethyl
paml and HyPhy Results
5-methoxycarbonylmethyl has an overall substitution rate of 0.0088 across the
alignment. Model 1 was shown to be the best fit for the data when comparing all paml
models. The fixed effects likelihood results show that the alignment has 246 sites and 210
of those sites have been found to be under negative selection.
Gene Tree
Figure 2.9 shows the phylogenetic relationship of mcm as predicted by branch
model 1. The majority of the ω rates are shown on the terminal branches of the avian
Haemoproteus species in the phylogeny. The mammalian, including human, branches
show the second highest rates of substitutions, while the reptilian shows the smallest.
GC Content and Significance Test
The amount of Gs and Cs were determined for each of the eight genes in this
study. The GC content for the hemoglobin degradation genes plasmepsin, falcilysin,
aminopeptidase, and cytochrome b 5 were 38%, 38%, 32%, 23% respectively, averaging
32.75%. The GC content for the non-hemoglobin degradation genes, spr, ama1, eif2, and
5-mcm were 31%, 31%, 32%, and 32% respectively, averaging 32.5%.
A statistical analysis using a t test was then conducted to determine if any of the
GC content were significantly different from the others. With an alpha of 0.05, the P
value was found to be 0.42 when comparing all the sequences in the hemoglobin
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degradation gene group to the sequences in the non-hemoglobin degradation gene group;
indicating no significance. No significance was also found between the sequences in the
non-hemoglobin degradation gene group. However, when comparing genes within the
hemoglobin degradation gene group, there was a significance. A P value of 9.02 X 10-6
was calculated when comparing plasmepsin and falcilysin sequences to aminopeptidase
and cytochrome b 5 sequences.
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Figure 2.2

Plasmepsin II phylogeny with a ω of 0.04

Figure 2.3

Falcilysin phylogeny with a ω of 0.026
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Figure 2.4

Aminopeptidase phylogeny with a ω of 0.17

Figure 2.5

Cytochrome b5 phylogeny with a ω of 0.04
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Figure 2.6

Sepiapterin Reductase Enzyme phylogeny with a ω of 0.004

Figure 2.7

Apical Membrane Antigen I phylogeny with a ω of 0.002
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Figure 2.8

Eukaryotic Initiation Factor 2 with a ω of 0.0088

Figure 2.9

5-methoxycardonylmethyl phylogeny with a ω of 0.0088
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Discussion
Hemoglobin Degradation and Non-Hemoglobin Degradation Genes
There is a clear difference in the degree of evolutionary constraint when
comparing the genes involved in the hemoglobin degradation metabolic pathway versus
other genes. This is not surprising given the different roles these genes play in the
haemosporidian lifecycle. Negative, or purifying, selection was seen on average 35% of
the time for hemoglobin degradation genes while negative selection was seen on average
80% of the time for the other genes. Viewed another way, according to model 0, a
nonsynonymous/synonymous rate was seen on average 0.07% of the time for the
hemoglobin degradation genes; while a rate of 0.006% was seen for the non-hemoglobin
degradation genes. This 10.6-fold difference between the groups of genes indicates that
hemoglobin digestion genes may be under much lower functional constraint than the
other genes in the study. Amino acid substitution rate ratios are denoted by ω < 1
or ω > 1, indicating negative and positive selection. Therefore, the low average model 0
ω rates of the non-hemoglobin degradation genes shows further evidence of the strength
of negative selection they are under. We would argue that negative selection is seen at
such a lower rate for the non-hemoglobin degradation genes versus the hemoglobin
degradation genes because of the extremely important, yet potentially highly variable role
the hemoglobin degradation genes play in the reproduction of haemosporidians, the
genera of which show great variation in their life-histories and the role of hemoglobin
digestion therein.
Negative selection was seen in 30% of the alignment for the aminopeptidase gene
with a ω of 0.17, 40% of the alignment for the cytochrome b5 gene with a ω of 0.04, 38%
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of the falcilysin gene with a ω of 0.03, and 33% of the plasmepsin gene with a ω of 0.04.
A signature of positive selection was also seen on 0.003% (1 site) of the falcilysin gene.
The majority of nonsynonymous amino acid substitutions can be seen on mammal
Plasmodium species for all of the hemoglobin degradation genes. For the aminopeptidase
and falcilysin genes the highest substitution rates are not only mammal Plasmodium
species, but two Plasmodium species that primarily infect humans. The highest
substitution rates for the cytochrome b5 and plasmepsin genes are primarily focused on
mammal Plasmodium species.
A vast difference was seen in the non-degradation genes. Negative selection was
seen on 82% of the sepiapterin reductase enzyme with a ω of 0.004, 80% of the apical
membrane antigen with a ω of 0.002, 74% of the eukaryotic initiation factor with a ω of
0.0088 and 85% of 5-methoxycarbonylmethyl with a ω of 0.0088.
Although there is a large difference in the number of sites under negative
selection and the strength of negative selection between the hemoglobin degradation
genes and the non-degradation genes, negative selection is seen in all the genes included
in the study. This is likely due to all of the genes having important functions that have
been conserved over the evolutionary history of these organisms.
Plasmepsin II shows elevated dN/dS between two clades although we have only
mammalian representatives in this gene tree. Plasmepsin plays a direct role in
hemoglobin degradation- initiating degradation by cleaving the native hemoglobin
molecule. Perhaps, the variation between the two clades is due to differences in virulence
between human and mammalian haemosporidian species. The two human malaria
parasites P. vivax, and P. knowlesi show the highest rate of substitution, along with P.
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fragile which has been shown to be extremely similar to the human malaria parasite P.
falciparum.
For the falcilysin phylogeny the longest branches are seen leading to two terminal
human malaria species P. malariae, and P. ovale. Although there are other human and
nonhuman mammalian malaria species in the phylogeny, they are much shorter.
Falcilysin is unable to cleave polypeptides of hemoglobin, but it is able to cleave smaller
(7-15 amino acids) fragments that have been cleaved by other proteases. Falcilysin plays
an important role in the production of peptides that are small enough to cross the
membrane of the food vacuole and into the cytosol for amino acid production and usage
(Eggleson et al. 1999, Ponpuak et al. 2007). Falcilysin has also been found in the
apicoplast of Plasmodium species. Researchers suggested that falcilysin may participate
in transit of peptides to the apicoplast (Ponpuak et al. 2007). We detected positive
selection on falcilysin when using Fixed Effects Likelihood analysis in HyPhy. Falcilysin
is extremely important for the amino acid production that is necessary for the survival of
the haemosporidian. Since the discovery of this gene, researchers have been unable to
disrupt the gene’s function (Ponpuak et al. 2007); therefore, it is also suggested to be
important for asexual growth within the host (Ponpuak et al. 2007). Our data supports
this evidence with high levels of substitutions on two human malaria parasites P. ovale,
and P. malariae; suggesting these sites have been very polymorphic throughout
evolutionary history. The link to asexual growth sustainability could lead this gene to
undergo positive selection that could result in an increase in fitness.
The longest branch, and the highest rate of substitutions, in the aminopeptidase
gene can be seen between the human malaria species and one other mammalian malaria
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species P. fragile. Although we only have mammalian haemosporidians represented in
this phylogeny because of the difficulty in obtaining and aligning suitable transcript data,
this is a surprising trend. Aminopeptidase also shows many of the same phylogenetic and
branch length similarities as plasmepsin II, with P. fragile showing elevated dN/dS with
the other human malaria parasites. Aminopeptidase actively occurs at the last stage of
hemoglobin degradation, which is also the time when the most degradation actively
occurs and when hemoglobin is being used as a source of nutrition. Aminopeptidase has
been detected in all stages of the erythrocytic invasion and has been found in the cytosol,
suggesting degradation outside of the food vacuole (Gavigan et al. 2001).
Aminopeptidase is essential for parasitic growth and survival (Gavigan et al. 2001). We
can hypothesize that because of aminopeptidase’s extremely important role at the most
critical time of hemoglobin degradation it will show the least amount of evolutionary
conservation across the other hemoglobin degradation genes, possibly due to the
variability across life histories and virulence across theses taxa. Our data are consistent
with this observation with only 30% of the aminopeptidase gene under negative selection
and a ω rate of 0.17; respectively, the highest rate of dN/dS across all of the genes in this
study.
The longest branch in the cyt b 5 gene tree is between the mammal and bird/lizard
parasite clades. Cytochrome b 5 is a heme protein that can act as an election donor in
many reactions such as the reduction of methemoglobin, and fatty acid synthesis. Cyt b 5
is a membrane bound protein, except in erythrocytes where it is found in a water-soluble
form. The soluble form is responsible for reducing hemoglobin to methemoglobin when
an electron is donated. When electrons are donated they are used to reduce the ferric
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heme state to the ferrous state. Heme is released approximately 10 times greater in
methemoglobin complex than for hemoglobin. Therefore, in order to optimize the heme
degradation, the presence of methemoglobin is preferred (Yamada and Sherman 1979,
Yan et al. 2018). The higher rate of substitutions, and therefore variability, on the
mammalian clades in this phylogeny could be directly related to increased virulence of
the parasite infection, as methemoglobin has been seen to disrupt the erythrocytic
membrane leading to increased rates of cellular lysing which in turn increases the rate of
infection (Balaji and Trivedi 2012).The avian and reptilian clades show lower rates of
substitutions and could suggest a higher evolutionary conservation rate of these species,
possibly because these hosts have nucleated erythrocytes and may have other sources of
nutrients for the haemosporidians.
Negative selection was seen at a rate of 80% across the non-degradation gene
group in this study. This is vastly different from the 35% seen overall in the hemoglobin
degradation genes. Even though representatives from all the possible hosts of
haemosporidians (mammal, birds, and reptiles) are included in the phylogeny of the nondegradation genes, in all of the species trees the most substitutions are on branches
leading to avian haemosporidians.
The sepiatpterin reductase enzyme shows elevated dN/dS ratios on all host clades
in the phylogeny. Interestingly there is also a separation between the human malaria
parasite clades, with P. reichenowi and P. falciparum in a clade to themselves. Spr is
involved in the last three steps of the production of tetrahydrobiopterin (BH4). BH4 has
been found to help process the building blocks of amino acids and is also a cofactor for
nitric oxide synthesis (Rubach et al. 2015, Tang et al. 2017). Different levels of BH4 in
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host cells have also been linked to immune responses, with low levels producing a low
level of nitric oxide synthesis, initiating an immune response to the infection, and high
levels capable of destroying the parasite (Rubach et al. 2015). To our knowledge, no one
has looked at this enzyme in the haemosporidian genome; however, this gene has been
studied in the hosts genome. From our knowledge of how important BH4 is, we can
speculate that the parasite is also controlling its production of BH4 in some way. This is
also evident by the high level of evolutionary conservation across all clades in the
phylogeny with a low overall ω rate of 0.004.
In the apical membrane antigen 1 (ama1) phylogeny the most substitutions can be
seen leading to the avian clade, Parahaemoproteus. In contrast the second longest
branches are seen on terminal branches leading to the reptilian Plasmodium clade and the
mammalian clade. Ama1 plays an integral part in the erythrocytic invasion by forming
part of the moving junction that allows for the erythrocyte to be penetrated. This antigen
has been a popular candidate for a potential vaccine because of its vital role in the
haemosporidian lifecycle (Lim et al. 2014, Fong et al. 2015). In vitro studies that have
successfully knocked down this gene have effectively killed the parasite; however, ama1
has been shown to be extremely polymorphic and easily escapes vaccines and antibodies
(Lauron et al. 2014). We can hypothesize that the differing host responses have led to the
high rates of negative selection in the apical membrane antigen. Host antibodies block
ama1 erythrocytic invasion and contribute to immune responses to protect the hosts.
Thus, to combat the hosts antibodies, ama1 could remain highly polymorphic in one
clade (which explains the positive selection found by previous researchers) and
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evolutionarily conserved across all other clades, indicated by the low dN/dS rate of 0.0023
(Lauron et al. 2014).
Eukaryotic initiation factor 2 (eif2) is needed to form the initiation complex of
translation, however, it can act as a repressor in times of stress. GTP is hydrolyzed to
GDP to begin translation which releases the initiation complex and leaves an inactive
form of eif2 (Fennell et al. 2009). In times of stress eif2 does not reactivate the initiation
complex and therefore suppresses translation (Fennell et al. 2009). This reduction in
translation allows the cells to respond appropriately to whatever environmental stress
conditions they may be under (Fennell et al. 2009). This mechanism is usually
moderately conserved (Fennell et al. 2009). In the phylogeny of eif2 in the branches of
avian haemosporidians Leucocytozoon and Haemoproteus, and the human Plasmodium
clade, there are high rates of substitutions and an overall negative selection rate of 74%
and a dN/dS rate of 0.0088. Hosts respond differently to malarial infections. The fact that
eif2 is related to stress response can lead us to the conclusion that avian and human
malaria parasites have a more variable response to stress than the non-human mammal
and reptilian clades. However, the overall ω of 0.0088 suggests overall conservation.
The 5-methoxycaronylnethyl phylogeny shows slightly elevated substitution rates
in the terminal branches of all Haemoproteus species and an overall negative selection
rate of 85%, the highest negative selection rate in this study. All of the clades in the
mcm5 phylogeny show evidence of substitutions, although the avian clade shows the
highest. 5-methoxycaronylnethyl has been shown to form on the side chain of a uridine in
the wobble position of a tRNA and is needed in the cleavage from the tRNA (Marcus et
al. 2008). It was discovered in Saccharomyces cerevisiae that a mcm5 in the side chain of
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a uridine in the wobble position of a tRNA molecule improves the decoding of G-ending
codons (Marcus et al. 2008). Because of the extremely A-T rich genome of
haemosporidians, it is not unlikely that Gs and Cs are sometimes missed in translation.
The high purifying selection rate of 0.0088 that mcm5 was found to be under can be
attributed to the fact that G-C substitutions can sometimes be missed and could lead to
the death of the parasite. To combat this an optimal 5- methoxycaronylnethyl side chain
is formed and utilized to complete translation (Marcus et al. 2008). Since 85% of the
mcm5 alignment was found to be under negative selection and therefore the most highly
conserved gene in this study, we can assume that this is an important modification. To
our knowledge mcm5 has never before been studied in regard to the parasite’s genome,
and therefore, more information is needed to determine its significance.
Adaptive molecular evolution has been detected in all genes throughout this
study, although the rate of evolution varies drastically. The hemoglobin degradation
genes are seen to be less conserved overall which could be linked to the important
function and chain-like response these genes are needed for. Being less conserved could
potentially lead to an advantage in the parasites ability to degrade the hosts hemoglobin
by allowing the parasite to adapt quickly to a changing environment. Negative selection
can be a sign of population expansion, and therefore high rates of negative selection are
not unexpected and could possibly increase as haemosporidians range expands and host
switching continues. In parasites that infect multiple hosts, such as Plasmodium,
polymorphisms within important genes may contribute to a broadening geographic range
through host switching events.
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GC Content
Haemosporidian genomes are extremely AT rich with a much smaller percentage
of the genome having guanine and cytosine residues. The GC content of haemosporidians
varies from a low rate of around 15% seen in some avian Plasmodium species
(specifically P. gallinacaem), to the highest GC rate of greater than 37% seen in P. vivax
and P. knowlesi (Chatterjee et al. 2016, Silva et al. 2015). It has been suggested that the
low rate of GC in the genome is due to the lack of efficient base excision repair (BER).
The lower rates of GC in some haemosporidian genomes could suggest a loss of BER
(Silva et al. 2015). By looking at GC content and determining if the genes are becoming
more GC rich, we can possibly detect signatures of positive selection acting on the genes.
Increased rates of GC will show how evolution is acting on the genes and genome of
haemosporidians.
The GC content for each of the eight gene alignments in this study was
determined. The whole transcriptome data was not available for this analysis. For the
hemoglobin degradation genes, the average GC content was found to be 32.75%, while
the non-hemoglobin degradation genes were seen to have a GC content of 32.5%.
Statistical analyses were conducted using a t-test. These tests showed that there was no
significance between the two groups, suggesting that there is no difference in the nucleic
acid residue usage. However, when looking within the hemoglobin degradation gene
group significance was seen. It was determined that plasmepsin and falcilysin have
significantly more GC than aminopeptidase and cytochrome b 5. This is probably seen
because P. vivax and P. kowlesi are seen in both of the plasmepsin and falcilysin gene
alignments, driving up the GC content of the entire alignment. Alternatively, P.
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gallinacaem is seen only in the cytochrome b 5 gene, driving down the average GC
content. It is interesting to note that the aminopeptidase gene alignment includes the same
species as plasmepsin, however the GC content is 6% larger in the plasmepsin gene. The
higher rates of GC in the plasmepsin and falcilysin gene alignment could indicate
elevated levels of adaptive molecular evolution, as these genes seem to be gaining genetic
diversity over their evolutionary history.
The non-hemoglobin degradation genes’ GC content is seen at a much more
consistent rate. The rates were very restrained throughout, with very little variance. More
genera are included in the non-hemoglobin degradation gene alignments; however, their
consistent GC rates indicate conservation of nucleic acid usage across all genera in each
gene. This information also supports our earlier finding of elevated rates of negative
selection and evolutionary constraint acting on these genes.
Conclusion
Because of our knowledge of how quickly haemosporidians are evolving and their
continued success in new areas and new hosts, genetic research regarding gene evolution
needs to continue to be done. Varying rates of signatures of selection were seen on all
genes in this study and a vast conservation difference was also detected between the gene
groups. These findings could potentially help to unlock more crucial information about
how haemosporidians evolve and adapt to changing host environments.
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CHAPTER III
DIVERSITY OF MALARIA PARASITES IN LOCAL PASSERINES
Avian malaria
Avian malaria has been linked to the huge decline of bird populations in some
areas; even leading some to near extinction (Nieburh and Blasco-Costa 2016). Over the
evolutionary history of malaria (haemosporidian) parasites, they have spread to over
10,000 avian species with new haemosporidians being discovered frequently (Daszak et
al. 2000, Ricklefs et al. 2014). Climate change has created an opportunity for these
parasites to expand to parts of the world they have never been before. Monitoring avian
malaria is one of the first lines of defense of potentially mitigating novel lineages from
spreading. Studies have shown how invasive certain species of haemosporidians can be,
and how detrimental these parasites are to bird populations (Marzal et al. 2015). The
International Union for Conservation of Nature has listed avian malaria P. relictum in the
top 100 worst invasive species in the world.
In order to combat malaria and develop defense/management strategies, the
distribution of avian malaria must be a top concern for biodiversity conservation efforts
(Marzal et al. 2015). Avian malaria distribution can vary drastically in different regions,
with bird migration increasing the possibility of parasite transmission and potential host
switches. With more than 325 bird species that migrate annually on the Mississippi
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Flyway plus the numerous permanent residents, the potential for parasite transmission is
very relevant in our area (Mississippi Chapter, National Audubon Society).
A survey of the haemosporidians in local bird populations was conducted for this
project. Mist nets were used to capture local passerines and blood was taken from the
brachial vein for analysis. From previous studies we know there is a large number of
local birds infected with haemosporidians (Walstrom and Outlaw 2017, Fast and Outlaw
2016). This survey has allowed us to expand our knowledge of infection in a wide range
of local passerines.
The avian samples were screened for parasites. DNA from blood samples was
extracted using the DNeasy Blood protocol (QIAGEN). A polymerase chain reaction
(PCR) was utilized to amplify the cytochrome b gene in the mitochondrial genome of the
parasites for any blood samples that tested positive. A nested PCR was then preformed
and positive samples, identified by gel electrophoresis, were sent to Arizona State
University for Sanger sequencing. We then aligned and trimmed the forward and reverse
sequences by using Sequencher 5.4.6 and then used NCBI BLAST to confirm the specific
lineage or identify novel ones of single infections. A phylogenetic tree of our samples
and sequences found in the MalAvi database (Bensch et al. 2009) was then reconstructed
using BEAST (Drummond et al. 2007).
Materials and Methods
Field Work
Passerines were captured in Starkville, Mississippi with mist nets from January
2017 until January 2018. The three netting locations are listed in Table 3.1. Eight
passerine species were captured: Northern cardinal, Tufted titmouse, House finch,
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Carolina chickadee, Carolina wren, Brown thrasher, Yellow warbler, and House wren. 68
birds were sampled in total. The bird species with the corresponding sample number
collected and parasite prevalence per species are listed in tables 3.1 and 3.2. Blood was
collected via brachial venipuncture, with bevel point hypodermic needles and capillary
tubes, and stored at -20°C in RNAlater. RNAlater was used because the immediate
freezing of the blood sample was not always possible; therefore, the blood sample had to
be stored in a buffer that does not allow the quality to diminish and will also inactivate
any RNase that may degrade the sample. Each of the bird samples were marked by
clipping one tail feather, so that no further sample of any individual bird would be taken
during the sampling time period.
Table 3.1

Netting locations

Netting Location

Locality

GPS Coordinates

South Farm Research
Area

Starkville, MS

33.420806, -88.783042

Mississippi State
University

Starkville, MS

33.454135, -88.783455

Critz Street

Starkville, MS

33.471369, -88.811081
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Analyses
DNA Extraction and Parasite Detection
Genomic DNA was extracted from the blood samples using the DNeasy Blood
and Tissue kit (QIAGEN). The DNeasy protocol, “Purification of Total DNA from
Animal Blood or Cells”, was used for the nucleated avian blood samples.
Haemosporidian parasites were then detected from the extracted DNA by amplification
of the parasite’s mitochondrial cyt. b gene. A nested polymerase chain reaction was then
conducted that amplified a specific segment of the parasite’s cyt b gene. The initial PCR
used the primers HaemNF1 and HaemNR3 (Hellgren et al. 2004) and amplified
Plasmodium, Parahaemoproteus, and Haemoproteus species. There was then a nested
PCR using the Haem PCR as the template. The second set of primers used were UNIVF,
and UNIVR1 (Drovetski et al. 2014); these primers amplified the above, and
Leucocytozoon. Initial and nested reactions were performed with the exact same final
volume and volume of each reagent. The master mix consisted of 2.5 μl Ex Taq Buffer,
2.0 μl dNTP mixture, 0.5 μl BSA, 0.5 μl of each primer, 0.125 μl Ex Taq, 1.0 μl of the
DNA template, and 17.875 μl of Di water for each reaction. 24 μl of the master mix along
with 1ul of the DNA (for the initial PCR) or 1 μl of the initial reaction (for the nested
PCR) was used in each sample. The initial reaction was ran in a thermal cycler under the
following conditions: 3 min at 94°C, 35 cycles of 30 sec at 94°C, 30 sec at 55°C, 45 min
at 72°C, 10 min at 72°C, and a hold at 4°C. Nested reactions were ran in a thermal cycler
for 3 min at 94°C, 41 cycles at 94°C for 30 sec, 30 sec at 52°C, 45 sec at 72°C, 10 min at
72°C, and held at 4°C.
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The PCRs were then visualized on a 1% agarose gel via electrophoresis. Samples
that were positive for haemosporidians were identified by a band in the 500bp region.
Positive and negative controls were included in every PCR, and a DNA molecular weight
ladder was included in each gel. The positive samples were cleaned using the QIAquick
PCR Purification kit (QIAGEN), to prepare for sequencing. The cleaned PCR products
were then sent to Arizona State University DNA lab for sanger sequencing of the forward
and reverse strands on an Applied Biosystems 3730 capillary sequencer.
Genus Determination
Once the sequences were received a consensus sequence was made. This was
done by aligning the forward and reverse strands using Sequencher v. 5.4.6. Occasionally
a consensus was not made and either the forward or reverse strand was used for genus
determination instead. Either the consensus or the sequence was extracted, and the
parasite lineage was determined. NCBI Basic Local Alignment Service Tool (BLAST)
was used for this purpose. BLAST will search against databases and determine the best
lineage match for the sequences. I determined the genus of each sequence when the
overwhelming majority of matches at the 98% level corresponded to a particular genus.
Novel lineages were identified as being below a 98% BLAST match.
Phylogenetic Analyses
Three phylogenies were reconstructed- Plasmodium, Haemoproteus, and
Leucocytozoon - using the cyt b sequences acquired from this study’s sampling and from
MalAvi database (Bensch et al. 2009). MalAvi sequences that would provide the most
diversity in the phylogeny were used after an initial inclusion of all known sequences. All
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the sequences were aligned and checked for gaps or stop codons in Sequencher v. 5. 4. 6.
Any discovered gaps were removed. A Bayesian analysis was performed in BEAUTi and
BEAST using substitution model-GTR, base frequencies-estimated, clock modeluncorrelated relaxed clock, site heterogeneity model-Gamma + invariant sites, and tree
prior-yule process (v.1.8.4; Drummond et al. 2012). Tree annotation was then done using
Tree Annotator from the tree files produced from BEAST (Drummond et al. 2012). The
final tree was visualized in FigTree v.1.4.3 and a visual log likelihood stabilization was
determined in Tracer (v.1.6; Rambaut and Drummond 2007). By the tracer results we
were able to determine a burnin of 4,000 out of the 10,000 tree samples for all the
phylogenies. For inclusion into a clade, a sequence difference of less than 98% was the
cutoff. The different clades were my sequences fall are highlighted within the
phylogenies.
Results
Prevalence
A total of 68 birds were sampled in 3 locations in Starkville, MS. Eight passerine
species were sampled: Northern cardinal (45 sampled, 33 infected), Tufted titmouse (8
sampled, 1 infected), Carolina chickadee (3 sampled, 2 infected), House finch (6
sampled, 1 infected), Brown thrasher (2 sampled, 1 infected), House wren (1 sampled, 1
infected), Yellow warbler (2 sampled, 0 infected), Carolina wren (1 sampled, 0 infected).
The overall parasite prevalence, as determined by PCR, in all of the samples was shown
to be 57.4%, as indicated in Table 3.2.
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Table 3.2

Parasite prevalence

Number Collected
45
Northern cardinal
8
Tufted titmouse
3
Carolina chickadee
6
House finch
2
Brown thrasher
1
House wren
2
Yellow warbler
1
Carolina wren
68
Total

Number Infected
33
1
2
1
1
1
0
0
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Prevalence
73%
13%
67%
17%
50%
100%
0%
0%
57%

Three parasite genera were found: Plasmodium, Haemoproteus, and
Leucocytozoon. Out of the 68 total birds sampled, 47.10% of the infections were found to
be caused by genus Plasmodium, 8.80% was found to be caused by Haemoproteus, and
2.9% was found to be Leucocytozoon (Table 3.3). Three samples did not sequence well
and were excluded from the analysis.
Table 3.3

Parasite prevalence in regard to haemosporidian genera

Parasite Prevalence
Northern cardinal
Tufted titmouse
Carolina chickadee
House finch
Brown thrasher
House wren
Total prevalence %

Plasmodium
28
0
2
1
0
1
47.10%

48

Haemoproteus
5
0
0
0
1
0
8.80%

Leucocytozoon
1
1
0
0
0
0
2.90%

Phylogenetic Analysis
Plasmodium
For the Plasmodium phylogeny, 32 of the positively identified samples and 175
MalAvi samples were included for a total of 207 samples (Figure 3.1). A diverse
phylogeny was reconstructed by first developing a phylogeny including all known
Plasmodium cytochrome b sequences and then choosing representative clades. For
inclusion into a clade, a sequence difference of less than 98% was the cutoff. Posterior
probabilities are denoted on each branch. The positive Plasmodium species identified in
this study fall within three clades. Nine samples are included in the Plas1 clade, seven in
Plas2, fourteen in Plas3, and two sequences (Plas4a/b) were identified as not being
significantly related to any known Plasmodium cytochrome b sequences.
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Plas1

Figure 3.1

Plas2Plas4bPlas3

Plas4a

Plasmodium phylogenetic tree
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Haemoproteus
The Haemoproteus phylogeny consisted of six positive Haemoproteus sequences
identified in this study and 209 MalAvi sequences, for a total of 215 sequences. A diverse
phylogeny was reconstructed by the above method (See Plasmodium) and posterior
probabilities are denoted on each branch (Figure 3.2). For clade inclusion a 98%
sequences match or better was used. The sequences identified in this study were seen to
fall within two clades, Haem1 and Haem2. Haem1 contains five of the sequences
identified in this study, while Haem2 includes only one.

51

Haem2

Figure 3.2

Haem1

Haemoproteus phylogenetic tree
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Leucocytozoon
For the Leucocytozoon phylogeny two samples positively identified in this
study and 154 MalAvi samples were included for a total of 156 sequences in the
phylogeny. A diverse phylogeny was reconstructed using the above-mentioned method
(See Plasmodium; Figure 3.3). For inclusion into a clade a 98% sequence match rate was
the cutoff. Posterior probability of are denoted on each branch. For this phylogeny, both
sequences identified to be positive in this study fell within the same clade, Leuco1.
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Leuco1

Figure 3.3

Leucocytozoon phylogenetic tree
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Discussion
Plasmodium Phylogeny
Three clades were identified to contain the sequences found in this study for the
Plasmodium phylogeny (Plas1, 2, and 3). For the sequences Plas4a/b no known sequence
seemed to be closely related. All of the sequences included in Plas1, Plas2, and Plas3
have previously been identified in multiple passerine species in North and South
America. Nine samples identified in this study fall within the clade Plas1 including eight
Northern cardinals and one Carolina chickadee. Seven total samples identified in this
study fall within Plas2, including parasites found in six Northern cardinals and one house
finch. The house finch sequence is most closely related to two Northern cardinals also
identified, with a posterior probability value of 1. The other Northern cardinal sequences
are most closely related to each other and various other passerine hosts. Fourteen samples
found to be positive were included in the Plas3 clade. All of these samples were
discovered in Northern cardinals and are most closely related to each other and other
known species that infect passerines. The majority of their posterior probability values
are 0.7 or greater. Plas4a/b have been shown to have less than 98% sequence match to
any known sequence. Both of these sequences were discovered in Northern cardinals.
Plas4a is phylogenetically most closely related to a woodcreeper haemosporidian found
in South America. However, the posterior probability value is less than 0.5 and the
sequence match rate is less than 98%; therefore, this sequence is not included in the
surrounding clade. For Plas4b the most closely related phylogenetic sequence was
another sequence identified in this study. However, because of the low posterior
probability value and a sequence match rate of less than 98% this sequence was not
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included in the phylogeny. The low match rate of these two sequences could indicate new
species, however, more research and sampling would need to be conducted to support
this claim.
Haemoproteus Phylogeny
Two clades were detected in the Haemoproteus phylogeny that contained the
positive haemosporidian cytochrome b sequences identified in this study. Five of the
sequences identified in this study were found in Haem1, and one sequence was included
in Haem2. All the sequences included in Haem1 and 2 have previously been discovered
in only passerines and have a wide geographic distribution. The most closely related
sequences in the Haem1 clade have been found in many passerine species, including
Northern cardinals across North America. All of the sequences identified in this study
that are included in Haem1 were discovered in Northern cardinals. The most closely
related sequences to the single positive sequence identified in Haem2 has a posterior
probability value of 1 and has previously been found in thrashers and catbirds in North
America. The sequence identified in this study was discovered in a Brown thrasher. The
differing closely related passerine hosts in Haem2 compared to Haem1 suggest more
diversity in the Haem2 clade.
Leucocytozoon Phylogeny
For the Leucocytozoon phylogeny, one clade was found to contain both of the
positive sequences identified in this study, Leuco1. Those parasites were discovered in a
Tufted titmouse and a Northern cardinal. Although the closely related sequences were
found in diverse geographic regions, none of the closely related sequences were found to
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infect passerines. In fact, the most closely related sequences were previously found in the
family Coraciidae, e.g. herons and egrets, and Anatidae, e.g. waterfowl. The single most
closely related sequence to the two sequences identified in this study (the sequence that
has been previously found in ducks) has a posterior probability value of 1. Leuco1 also
seems to be a more distantly related clade in the phylogeny as apparent by the clade’s
phylogenetic location. It is interesting to note that the two positive passerine species
identified in this study fall within a clade that is more distantly related to most other
clades in the phylogeny, and also has not been found previously in passerine species. To
our knowledge Leucocytozoon has not previously been found in Mississippi songbirds.
The fact that Leucocytozoon has not been seen in this host before and that the most
closely related known species has also not been previously detected in passerines could
suggest a new species or spillover from non-passerines. More research and sampling
would need to be conducted to support either suggestion.
Conclusion
Surveys of local haemosporidians are crucial in monitoring efforts.
Haemosporidians are expanding their geographic range and acquiring new hosts in new
areas. In order to combat the spread of malaria surveys must be conducted as a first line
of defense. In this study alone Leucocytozoon was detected for the first time in
Mississippi songbirds, and two Plasmodium sequences were identified as not being
closely related to any known sequences in any database. This information reinforces our
knowledge of the unknown diversity in haemosporidians. The continued need for malaria
parasite monitoring in our area is ever-present.
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A.1
Table A.1

GC Content

GC content in percentage

Plasmepsin 1
Falcilysin
Aminopeptidase
Cytochrome b5
Spr
Ama1
Eif2
5-mcm

Figure A.1

GC content in bar graph
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38
38
32
23
31
31
32
32

A.2 Fixed Effects Likelihood Results
Table A.2

FEL results for positive and negative selection of genes

Aminopeptidase
CytochromeB5
Falcilysin
Plasemepsin
Ama1
Spr
Mcm
eIF2

Number of Sites
211
98
319
330
244
235
246
287

Postive Selection
0
0
1
0
0
0
0
0

Negative Selection
64
39
120
109
194
193
210
213

A.3 Phylogenetic Analysis by Maximum Likelihood Results
Table A.3

Paml results for all genes
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Table A.3 (continued)

A.4 Legend for the species trees
Table A.4

Species tree legend
Species

Branch Color

Human

Blue

Mammal (nonhuman)

Green

Avian

Red

Reptile

Purple
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B.1 Prevalence
80
70
60
50
40
30
20
10
0
Plasmodium

Haemoproteus
Infected

Figure B.1

Leucocytozoon
Not Infected

Parasite prevalence in local passerines
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Total Prevalence

B.2 Blood samples
Table B.1 Blood samples collected from local passerines
Blood
Samples

Parasite
Presence

Parasite Genera (match%,
query%)

4-13Car1

pos,sent

Plasmodium (98%m, 98%q)

NCBI
Accession
num.
KX867093.1

4-21NC1

neg

4-21NC2

pos,sent

Plasmodium (100%m, 99%q)

KX867093.1

4-21NC3

neg

4-28NC1

neg

4-28NC2

pos,sent

Plasmodium (100%m, 99%q)

KX867093.1

4-28TTM

neg

5-10NC1

pos,sent

Plasmodium (97%m, 100%q)

HQ724298.1

5-10NC2

pos

Plasmodium (97%m, 100%q)

HQ724298.2

5-25NC1

pos,sent

Plasmodium (95%m, 100%q)

KJ14506.1

5-25NC2

pos,sent

KY318055.1

5-31NC1

neg

Plasmodium (100%m,
100%q)

7-14TT

neg

7-18HF
7-19NC

neg
pos,sent

7-21CC
7-24NC
7-25NC1

pos,sent
neg
pos,sent

7-25NC2
7-25CC
7-26CW
8-1HF1
8-1HF2

pos,sent
neg
neg
neg
pos,sent

8-1NC

pos,sent

8-2NC1
8-2NC2

pos,sent
pos,sent

8-16TT

neg

Plasmodium (100%m,
GU252012.1
100%q)
Plasmodium (99%m, 100%q) KY305003.1
Plasmodium
EU627831.1
(100%m,100%q)
Plasmodium (99%m, 100%q) KX867093.1

Plasmodium (100%m,
100%q)
Haemoproteus
(98%m,100%q)
Plasmodium (99%m, 100%q)
Plasmodium
(100%m,100%q)
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EU627831.1
MF817766.1
KX867093.1
KX867093.1

Table B.1 (continued)
8-28 BT

pos,sent

8-28 HF1
8-28 HF2
8-30 NC
8-31TT
9-9NC

neg
neg
pos,sent
neg
pos,sent

9-15 NC

pos,sent

9-18NC
pos,sent
9-20NC
pos,sent
9-20TT
neg
10-1TT
neg
10-10NC1
neg
10-10NC2
pos,sent
10-10TT
pos,sent
10-17NC1
pos,sent
10-17NC2
pos,sent
10-24NC
neg
11-2NC
pos,sent
11-2TT
neg
11-4NC1
neg
11-4NC2
pos,sent
11-13NC1
pos,sent
11-20NC1
pos,sent
11-20NC2
pos,sent
11-22NC
pos,sent
12-2NC
pos,sent
12-17NC
pos,sent
1-16 CW
neg
1-19YW
neg
1-15 NC1
neg
1-25 NC2
neg
1-30NC
pos,sent
2-7 CC
pos,sent
2-7 HF
neg
2-13 HW
pos,sent
2-12NC
pos,sent
Table B.1 (continued)

Haemoproteus (99%m,
100%q)

GU251998.1

Haemoproteus (99%m, 100q)

GQ395668.1

Haemoproteus (100%m,
100%q)
Leucocytozoon (97%m,
100%q)
Plasmodium (98%m,100%q)
Plasmodium (100%m,100%q)

GQ395668.0

Plasmodium (100%m,100%q)
Leucocytozoon (98%m, 98%q)
Plasmodium (100m,100%q)
Plasmodium (100%m,100%q)

HM222481.1
KU295417.1
KX867093.1
KY318064.1

Plasmodium (99%m, 100%q)

MG766446.1

Plasmodium (99%m,99%q)
Plasmodium (99%m,99%q)
Plasmodium (99%m, 100%q)
Haemoproteus (97%m,100%q)
Haemoproteus(100%m,100%q)
Plasmodium (100%m,99%q)
Plasmodium (100%m,100%q)

KX867093.0
KX867093.1
GU252012.0
GQ395668.1
MF817766.1
MF817778.1

Plasmodium (100%m,100%q)
Plasmodium (100%m,100%q)

GU252012.1
KX867093.1

Plasmodium (100%m,99%q)
Plasmodium (100%m,100%q)

MG766446.1
KX867093.1
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EF032867.1
KX867093.1
HM222481.1

2-19 BT
2-20 YW
2-22 NC1
2-22 NC2
4-21NC1
4-28 NC

neg
neg
pos,sent
neg
pos,sent
pos,sent

Plasmodium (100%m,100%q)

KY318055.1

Plasmodium (100%q,100%m)
Plasmodium (100%q,100%m)

KX867093.1
KX867093.2
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